ABSTRACT. To investigate the effect of brain derived neurotrophic factor (BDNF) on the phagocytic activity in iris pigment epithelial (IPE) cells, purified porcine photoreceptor outer segments (POS) were applied to cultured IPE cells for three hours. To measure phagocytic activities, bound and total POS were differentially stained using a double immunofluorescence staining method. BDNF increased the binding of POS in IPE cells in a dose-dependent manner. Ingestion of POS, however, was not affected throughout the concentrations used in this study. To investigate the signal transduction pathways of BDNF, a phosphatidylinositol 3-kinase (PI3K) inhibitor, LY294002, and MAPK/ERK kinase (MEK) inhibitor, PD98059, were used for this study. LY294002 had no effect on the binding and ingestion of POS in BDNF-treated IPE cells. On the other hand, PD98059 completely inhibited the increase of POS binding in BDNF-treated cells and also decreased the ingestion of POS. These results indicate that increased POS binding activity by BDNF and the decreased ingestion of POS were mediated through the MAPK pathway.
Introduction
One of the specialized functions in retinal pigment epithelial (RPE) cells is the phagocytosis of photoreceptor outer segments (POS) (Young, 1967; Young and Bok, 1969) . The phagocytic process consists of three phases: binding, ingestion, and digestion of POS. Dysfunction of these processes causes photoreceptor degeneration (Bok and Hall, 1971; Herron et al., 1969; LaVail and Battelle, 1975) . It is known that Royal College Surgeon (RCS) rats have normal function in the binding phase of POS, but they show abnormality in the ingestion phase (Chaitin and Hall, 1983) . Recently, the mutation of receptor tyrosine kinase, MertK, was found in RCS rats (Feng et al., 2002) .
It has been reported that various neurotrophic factors, growth factors, and cytokines have protective effects against neuronal degenerations (Lindsay, 1994; Tomita et al., 1999) . Specifically, brain-derived neurotrophic factor (BDNF) plays an important role in the protection of retinal degeneration such as ischemic injury (Kano et al., 2002; Unoki and LaVail, 1994) , excitotoxicity (Rocha et al., 1999) , axotomy (Peinado-Ramon et al., 1996; Watanabe et al., 1997) and light damage (LaVail et al., 1992) . We have researched the substitution of iris pigment epithelial (IPE) cells for RPE cells for the treatment of patients with age-related macular degeneration (AMD) because IPE cells are of the same embryonic origin as RPE cells (Abe et al., 2000a; Abe et al., 1999a; Abe et al., 1999b; Abe et al., 2000b) . We have previously reported that IPE cells possess phagocytic activity for POS, which is about 70% of RPE cells. However, phagocytic activities of IPE cells were increased up to those of RPE cells by using a basic fibroblast growth factor (bFGF) gene transfer (Sakuragi et al., 2001 ). Transplantation of BDNF or bFGF gene transferred IPE cells into the subretinal space have a protective effect against photoreceptor degeneration in rats (Kano et al., 2002) .
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Tel: In our present work, we investigated the effect of BDNF on phagocytic activity in IPE cells and their signal transduction pathways.
Methods and Materials
Isolation of rat iris pigment epithelial cells All procedures involving rats adhered to the Association for Research Vision and Ophthalmology (ARVO) Resolution on the Use of Animals in Research, and the guidelines of the UCSF Committee on Animal Research. IPE cells were prepared from 10 to 12 week-old Long Evans rat eyes according to the technique described by Sakuragi et al. (Sakuragi et al., 2001) . IPE cells were maintained with Ham's F12 (GIBCO BRL, Japan) containing 20% fetal bovine serum (FBS) and the medium was changed every three days. Cells were passaged using 0.125% trypsin containing 0.01% EDTA. We performed three independent experiments for the measurement of phagocytic activities using IPE cells.
Preparation of POS
POS were isolated from adult porcine retinas using sucrose step gradient centrifugation (Papermaster and Dreyer, 1974; Sakuragi et al., 2001) . POS suspended in phosphate buffered saline (PBS) were then used for the phagocytosis studies.
Experimental schedules
One day before the addition of POS and BDNF, 2×10 5 IPE cells were plated into each well of a 24-well plate. The sub-confluent IPE cell cultures with or without BDNF were challenged with POS (1×10 7 POS particles/well) diluted with growth medium. LY294002 (Sigma, St. Louis, MO) and PD98059 (Sigma, St. Louis, MO) were added to the medium 30 minutes before the challenge of POS and BDNF. This medium was not exchanged until the end of the evaluation three hours later.
Measurement of phagocytic activity
To determine phagocytic activity three hours after the challenge of POS and BDNF, bound and total POS were differentially stained using a double immunofluorescence staining method (Chaitin and Hall, 1983) . Briefly, cells were washed with PBS three times to remove unbound POS and fixed in 3.7% formaldehyde. Bound POS were stained with anti-rhodopsin antiserum (Cosmo Bio Co., Ltd., Tokyo, Japan) using Alexa 594 conjugated antibody as a secondary antibody (Invitrogen, Carlsbad, CA). Cells were opened with 47.5% ethanol, and total POS was stained with anti-rhodopsin antiserum (Cosmo Bio Co., Ltd., Japan) using Alexa 488 conjugated antibody (Invitrogen, Carlsbad, CA). 4,6-Diamidino-2-phenylindole, dihydrochloride (DAPI; Dojindo, Japan) was used for nuclear staining. Each treatment was performed on duplicate wells. Confluent areas of cells were selected, and four separate areas of each well were photographed by using a fluorescent microscope, Axiovert40 (Carl Zeiss, Japan). Fluorescence areas showing bound and total POS were measured by the Zeiss imaging software, AxioVision, and the number of nuclei in the photographed areas was counted.
Statistical analyses
Statistical analysis was performed using GraphPad Prism software (GraphPad Software, San Diego, CA). Bonferroni/Dunn's multiple range test was used for planned comparisons among the various treatment groups. All data obtained from three independent experiments (total of six wells per sample) were used for statistical analysis.
Western blot analysis
Cells were washed with ice-cold PBS three times and the protein was extracted with lysis buffer (10 mM Tris [pH 7.5]; 1% TritonX-100; 0.5% NP-40; 1 mM EDTA; 150 mM NaCl; 1 µg/mL each of aprotin, leupeptin, antipain, and pepstatin A; 1 mM p-amidinophenyl methanesulfonyl fluoride; 10 mM p-nitrophenyl phosphate; 5 mM sodium pyrophosphate; 0.2 mM sodium molybdate; 10 mM β-glycerophosphate; 50 µM sodium fluoride; 1 mM sodium orthovanadate), put on ice for 30 minutes, and centrifuged at 15,000 rpm at 4°C for 15 minutes. The protein in the supernatant of the lysate was quantified by a use of BCA protein assay kit (Pierce, Rockford, IL). An aliquot of this total protein was mixed with SDS-buffer (50 mM Tris-HCl [pH 6.8]; 2% SDS; 10% glycerol; 6% β-mercaptoethanol), boiled for 5 minutes, and processed for SDS-PAGE. 
Results

Measurement of phagocytic activity
To measure the binding and ingestion of POS to IPE cells, we used a double immunofluorescence staining method. As shown in Fig. 1A , the binding of POS to the cell membrane and total POS were visualized as red and green fluorescence, respectively, by differentially staining with anti-rhodopsin antibody. Both phagocytic activities of binding and ingestion in IPE cells cultured with normal medium, gradually increased up to 6 hours after the POS application. When BDNF was added at the same time with the POS application, the POS binding activity was markedly increased at 3 hours after the application (Fig. 1B) . The binding activity by the addition of BDNF showed a dosedependent increase. At the concentration of 50 ng/ml, the binding of POS increased up to 150% compared to the control (Fig. 1C) . Ingestion of POS, however, was not affected throughout the concentrations used in this study. To investigate the signal transduction pathways of BDNF, a phosphatidylinositol 3-kinase (PI3K) inhibitor, LY294002, and MAPK/ERK kinase (MEK) inhibitor, PD98059, were used for this study. LY294002 had no effect on the binding and ingestion of POS in BDNF-treated IPE cells ( Fig. 2A) .
On the other hand, PD98059 completely inhibited the increase of POS binding in BDNF-treated cells and also decreased the ingestion of POS in BDNF-treated IPE cells and control IPE cells (Fig. 2B, C) . PD98059 did not significantly decrease the binding of POS in control IPE cells (Fig. 2C) .
Western blots showed no change of Akt phosphorylation by the addition of POS (Fig. 3A) . In contrast, the phosphorylation of ERK1/2 was induced by the addition of POS (Fig. 3B) . BDNF induced the phosphorylation both of Akt and ERK1/2 (Fig. 3A, B right lane) . Specifically, the ERK was markedly phosphorylated by the addition of BDNF (Fig. 3B right lane) . Its phosphorylation was inhibited by the addition of each inhibitor (Fig. 3C, D) . Fig. 1 . Phagocytic activities of IPE cells cultured in the medium with or without BDNF. Fluorescent microphotographs of POS phagocytosed-IPE cells cultured in the growth medium without BDNF three hours after the POS-application (A). Changes of phagocytic activities after the POS application. BDNF (50 ng/ml) was added to the growth medium at the same time as the POS application. Phagocytic activity was calculated as fluorescence area per cell (B). IPE cells were cultured in the medium containing various concentrations of BDNF and purified porcine POS for three hours (C). Phagocytic activities were represented as a percent of the control. Statistical analysis was performed by the unpaired t-test (*,**p<0.05, 0.01).
Discussion
In the present study, we found that BDNF specifically affected POS binding to IPE cells resulting in increased phagocytic activities in IPE cells. It is reported that the tyrosine kinase receptor, trkB, plays an important role in the signal transduction pathway of BDNF (Soppet et al., 1991) which activates PI3K (Fryer et al., 2000; Nakazawa et al., 2002) and MAPK pathway (Barnabe-Heider and Miller, 2003; Hans et al., 2004; Kelly-Spratt et al., 1999) . Our data suggest that increased POS binding activity of IPE cells caused by BDNF was mediated through MAPK pathway rather than PI3K pathway.
Rezai et al. (Rezai et al., 1997) showed that the POS phagocytic capacity of IPE cells was 70% of RPE cells. We also reported that phagocytic activity was promoted in IPE cells by using a transferred bFGF cDNA gene (Sakuragi et al., 2001) . However, the mechanisms of IPE phagocytosis are not well understood. In the present study, we showed that the addition of POS immediately phosphorylated ERK1/2 but not Akt. It is possible that the phosphorylation of ERK1/2 plays an important role in the phagocytic process. It has been reported that ERKs were highly activated during the phagocytic process in polymorphonuclear leukocytes (Suchard et al., 1997) . The phosphorylation of ERKs is a key factor during the phagocytic process in other cell types such as macrophages (Ibata-Ombetta et al., 2001) and leukocytes (Suchard et al., 1997) . In contrast, it is reported that the PI3K pathway plays an important role in actin assembly, pseudopod extension and phagosomal closure in macropharges during phagocytosis (Araki et al., 1996; Cox et al., 1999) . Interestingly, it was reported that the pathway of phagocytosis changed depending on the phase of phagocytosis, for example, from ERK dependent in early phase to ERK and PI3K dependent in late phase (Garcia-Garcia et al., 2002) .
It has been thought that the phagocytic process of POS in RPE cells was a non-inflammatory clearance and involved a different type of phagocytosis with macrophages (Edwards and Szamier, 1977; Hall, 1978; Mayerson and Hall, 1986 ). Therefore we cannot simply adhere to the phagocytic process of IPE cells. In our data, BDNF markedly increased the phosphorylation of ERK1/2 while PD98059 inhibited increased binding of POS and the decreased ingestion of POS. However, the fact that the inhibition of the binding by PD98059 was up to control level and the binding of POS in control IPE cells was not affected by PD98059 (Fig. 2B, C) , indicated that another pathway exists in normal binding processes. Interestingly, the ingestion of POS in control IPE cells was also inhibited by PD98059 though PD98059 was not affected by the POS binding process in control IPE cells. We previously reported that a cathepsin S activity, which is related to the POS digestion, rapidly activated within three hours after the POS application (Sugano et al., 2006) . Taken together, PD98059 might have some effect on their digestive process including activations of digestive enzymes such as cathepsins of the ingested POS. The details of these mechanisms, however, are not clear at the present time.
The MAPK pathway is involved in many physiological events. Many reports have been published regarding the correlation of MAPK and cell proliferation (Hecquet et al., 2002; King et al., 2005; Liou et al., 2002) . We previously reported that PD98059 inhibits rat RPE cell replication by cell cycle arrest (Yamaguchi et al., 2002) , and observed that high phagocytic activity in RPE cells was in the proliferative phase (unpublished data). Increased phagocytic activity by BDNF might be related to cell cycles of IPE cells. Further studies are needed to confirm effects of phagocytic activities in vivo. Our final goal is to protect photoreceptor cells by the subretinal transplantation of iris pigment epithelial (IPE) cells transduced by using a BDNF gene (Hojo et al., 2004) . Changes in phagocytic activities reported here might provide keys to our final goal.
